Interactions of ®ve mouse mAb (10A4, 5F2, 9A7, 9G4 and 3H8) and sun¯ower pro®lin were characterized using synthetic overlapping peptides. All the continuous B cell epitopes analyzed in this work were 6±10 amino acids in length, and clustered at the N-and C-terminal a-helices and a two-stranded segment composed of residues 40±50. Mutational analysis of the epitopes revealed that single amino acid changes within these peptides had dramatic effects on IgG-binding characteristics. A three-dimensional molecular model of sun¯ower pro®lin was generated by homology modeling based on the crystal structure of Arabidopsis thaliana pro®lin. All but one of the murine B cell epitopes de®ned in this work were located on the surface of the pro®lin molecule in the a-helices (10A4 and 3H8) or in the turns (5F2 and 9G4). In contrast, 9A7 epitope was located in the pro®lin core and partially buried by the C-terminal. Two mAb (5F2 and 10A4) inhibited the binding of anti-pro®lin human IgE up to 52%. In contrast, mAb 3H8 seemed to enhance the binding of anti-pro®lin IgE of sera from allergic patients.
Introduction
Identi®cation of antigenic sites and characterization of the interaction between these sites and their antibodies can yield valuable information. Antigenic sites can be divided into two structural categories: continuous (segmental sites consisting of short sequence motifs) and discontinuous (assembled topographic sites consisting of residues far apart in the primary sequence, but brought together in the surface of the native protein) epitopes (1) , albeit the physiological role of continuous epitopes has been questioned (2) .
Pro®lins, ubiquitous cytosolic actin-binding proteins with molecular masses of 12±15 kDa, act at a critical control point in signaling pathways initiated by events at the plasma membrane, and play a crucial role in regulating the activity in the micro®lament system and intracellular calcium levels (3±5). When pollen is hydrated, as when it contacts a human mucus membrane following inhalation, pollen tube formation is initiated and large amounts of pro®lin are released. Pro®lins have been identi®ed as allergens in several plant species of trees, grasses and weed pollens, and in many fruits and vegetables (6±9). This widespread cross-reactivity has led to the designation of pro®lins as`pan-allergens' (6, 10) and although pro®lin only elicits IgE antibody responses in 20% of the positive pollinic patients (6) , their pan-allergenic characteristics make of them important allergens. Crystal structures of two plant pro®lins, for Arabidopsis and birch, have been recently described (11, 12) , and the overall folds of both proteins are similar to that of the mammalian and amoebae pro®lins (13±16). The pro®lin is composed of three a-helices, seven b-strands and 10 turns constituting two hydrophobic cores separated by a central six-stranded b-sheet (11, 12) .
We have used a structurally well-de®ned protein antigen such as pollen pro®lin and several anti-pro®lin mAb as a model for studies on the interaction of protein antigen with its antibodies.
Olea europaea were produced as follows. Defatted pollen was extracted by magnetic stirring (24 h at 4°C) in 0.1 M phosphate buffer, pH 8 at 15% (w/v). The extract was clari®ed by centrifugation at 5600 g for 30 min, ®ltered through 0.45-mm pore diameter membranes and dialyzed by ultra®ltration in a Pellicon System (Millipore, Bedford, MA) with a 5000 Da cut-off.
Production of recombinant sun¯ower pro®lin
Escherichia coli BL21 (DE3) (17) cells containing the pKN172-derived recombinant plasmids (18) were grown in LB with 200 mg/ml ampicillin. Expression and puri®cation of soluble recombinant sun¯ower pollen pro®lin (Hel a 2) were performed as previously described (19) .
mAb and antisera
The production of pro®lin-speci®c mAb has been previously described (18) . Brie¯y, 8-to 10-week-old BALB/c mice were immunized i.p. with 500 ml saline solution containing 50 mg of sun¯ower pro®lin emulsi®ed in complete Freund's adjuvant. The same amount of antigen and incomplete Freund's adjuvant were given every 15 days over 2 months with a ®nal 50 mg i.p. dose without adjuvant. Mice were sacri®ced 3 days later, and the spleen cells were isolated and mixed with SP 2 O myeloma cells using a modi®cation of the method described by Ko È hler and Milstein (20) . Supernatants were screened by ELISA on day 11 and positive hybridomas containing antibodies of the desired speci®city cloned by limiting dilution. Isotype detection was done using a commercial kit (Boehringer Mannheim, Mannheim, Germany).
Synthetic peptides
Individual peptides were synthesized on a derivatized cellulose membrane (21) according to manufacturer's instructions (SPOTs; Genosys Biotechnologies, Pampisford, UK). Synthesis was performed using Fmoc chemistry on marked spots on a cellulose membrane in which coupling reactions are followed by a change of color as an indicator that the reaction has occurred. Brie¯y, 9 ml of the appropriate Fmocamino acid derivatives, dissolved in 1-methyl-2-pyrrolidone, were spotted to the membrane (twice) and allowed to react for 15 min. The membrane was washed 3 times in 20 ml N,N-dimethyl formamide (DMF) for 2 min, with 800 ml acetic anhydride being added to the last wash. The membrane was again washed 3 times with 20 ml DMF for 2 min and then placed in 20 ml of 20% piperidine in DMF for 5 min. The membrane was washed 5 times in 20 ml DMF for 2 min. Then, 200 ml of 1% bromophenol blue was added to DMF and the membrane was incubated until the spots turned blue. Cycles of coupling, blocking and deprotection were repeated until peptides of the desired length were synthesized. The membrane was washed and then placed in 20 ml DMF with 400 ml acetic anhydride to acetylate the peptide. The membrane was washed 3 times with 20 ml DMF and 3 times with 20 ml methanol, and air-dried. Finally, the membrane was incubated for 1 h in a solution of 5 ml dichloromethane, 5 ml tri¯uoroacetic acid and 250 ml triisobutylsilane, and washed 4 times with 20 ml dichloromethane, 3 times with 20 ml DMF and 4 times with 20 ml methanol. Membranes were either tested immediately or stored at ±20°C until needed.
Antibody staining of membrane-bound peptides
The peptide-coupled membranes were washed 3 times with Tris-buffered saline (TBS) and then blocked overnight at 4°C either with TBS plus 0.05% Tween 20 (TBS-T) containing 1% BSA and 5% sucrose or with a proprietary blocking agent as recommended by the manufacturers (with similar results in each case). After three washes with TBS-T the membrane was then incubated with mAb appropriately diluted in TBS-T for 4 h at room temperature. The membrane was washed 3 times with TBS-T and reacted with peroxidase-conjugated anti-mouse IgG (diluted 1:20,000 in TBS-T) for 2 h at room temperature. After washing, the membrane was incubated for 1 min with ECL detection reagent, before being exposed to ECL ®lm (both from Amersham Pharmacia Biotech, Little Chalfont, UK) for various times from 30 s to 5 min. After development of the ®lm, membranes were stripped off the antibody by treatment 5 times with 8 M urea/1% SDS for 10 min and then another 5 times with ethanol:water:acetic acid (5:4:1) for 10 min. Finally, they were washed 2 times with methanol for 10 min and either probed immediately or stored at ±20°C until needed. IgG binding was measured by densitometry using Diversity database software (Biorad, Richmond, CA).
Inhibition assays
The ability of anti-pro®lin mAb to inhibit binding between pro®lin-speci®c human IgE from patients' sera and pro®lin was determined as follows. Microtiter plates were coated with 200 ng/well of natural sun¯ower pro®lin in 0.1 M bicarbonate buffer (pH 9.6) and saturated with blocking buffer (PBS supplemented with 0.05% Tween 20 and 1% BSA). Then, 100 ml of each mAb (at different dilution to render them equipotent) was added and incubated for 90 min at 37°C. The plate was then washed 3 times with PBS plus 0.05% Tween 20, and 100-ml aliquots of pro®lin positive sera from sun¯ower-allergic patients were added and incubated overnight at 4°C. The amount of IgE bound to pro®lin was measured with peroxidase-conjugated rabbit anti-human IgE antibody as previously described (22) .
The ability of mAb to competitively inhibit the binding of mAb 9A7 to sun¯ower pro®lin was tested as follows: microtiter plates coated with pro®lin were simultaneously incubated with peroxidase-labeled 9A7 mAb and competitive mAb at different concentrations (0.1±100 mg/ml).
Analytical methods
Proteins were analyzed by SDS±PAGE under reducing conditions (23) and visualized by Coomassie brilliant blue R-250 staining (24) . For immunoblotting experiments, after SDS± PAGE proteins were electrophoretically transferred to PVDF membranes (Hybon-P; Amersham Pharmacia Biotech) (25) . Membranes were incubated at 37°C for 60 min with mAb diluted 1:2 to 1:10. Immunodetection was performed as described above using anti-mouse IgG antibodies linked to horseradish peroxidase and ECL reagents (Amersham Pharmacia Biotech).
Homology modeling
A three-dimensional model of sun¯ower pro®lin was constructed based on its strong sequence homology (71% of identical amino acids and 14% of similar amino acids; Fig. 1 ) with the solved crystal structure of A. thaliana pro®lin (12) using the Swissmodel (26, 27) and the WhatIf (28) programs. Structural comparisons and visualization were carried out with the Insight II version 98.0 Molecular Modeling System (Molecular Simulations, Burlington, MA).
Results

Multiple IgG-binding epitopes on the Hel a 2 allergen
Individual peptides spanning the entire sun¯ower pro®lin were synthesized as a series of 14-amino-acid peptides which overlapped by 7 amino acids. The peptides were then incubated with several mAb, rabbit experimental serum antipro®lin, pre-immune control serum and irrelevant mAb against bacterial proteins (Arilla, unpublished results). Incubation with pre-immune control serum or irrelevant mAb revealed no nonspeci®c binding to the synthesized peptides (data not shown). Ten anti-pro®lin mAb were tested with the Hel a 2 peptides and ®ve of them (10A4, 5F2, 9A7, 9G4 and 3H8) were chosen for further study. Figure 2 represents IgG-binding activity of these mAb and the rabbit anti-pro®lin serum (RAPS). RAPS recognized several peptides, but with different reactivity (Fig. 2B, right) . Most of the reactivity peptides were localized at the N-and C-termini (residues 1±28 and 100±133 respectively) and a central region (residues 36±63). All mAb but one (9G4) recognized the same peptides as the RAPS did, suggesting that the studied mAb has been generated against a good representation of the murine IgG binding epitopes.
The exact amino acid sequence of the IgG-binding regions was determined by synthesizing small peptides (10 amino acids long offset by 2 amino acids) representing the C-terminal IgG-binding region. By these means, it was possible to identify individual binding epitopes corresponding to mAb 9A7, 9G4, 3H8 (Fig. 3 ) and 5F2 (data not shown). The size of the epitopes ranged from 6 to 10 amino acids in length. Two epitopes, corresponding to mAb 9A7 and 9G4, were found in the region of amino acid residues 100±115 and partially overlapped within each other.
In order to determine whether the proximity of epitopes of mAb 9G4, 9A7 and 3H8 could interfere the binding, these three mAb and two other mAb, whose epitopes were more distant, were studied. The ability of mAb 10A4, 5F2, 9G4 and 3H8 to competitively inhibit the binding of peroxidase-labeled 9A7 is shown in Fig. 4 . Even at high concentration, mAb 5F2, 3H8 and 10A4 had little effect on the binding of 9A7. In contrast, mAb 9G4 showed some cross-reactivity with 9A7 because an inhibition of 54% was found at 100 mg/ml. Both mAb had similar dissociation coef®cients: 9A7, 0.45 nM and 9G4, 0.40 nM.
Epitope mapping of mAb 9G4
The amino acids essential to IgG binding in epitope 9G4 were determined by synthesizing peptides corresponding to sequenced plant pro®lins or mutated peptides with Ala substitutions at each position (Fig. 5) . Positions 108, 112 and 114 seem to be important for the binding. mAb 9G4 did not recognize peptides with substitution of Ala for Tyr at position 108 and substitution of Met or Ala for Val112 reduced drastically the 9G4 binding. In contrast, the substitution of Glu or Ala for Asp at position 109 and an Ala for Pro 111 resulted in increasing IgG binding. Western blot experiments of pollen extracts with mAb 9G4 gave similar results (data not shown). No pro®lin band was detected at 14±15 kDa on grass pollen extracts which contained the sequence identical to peptide 2 (Val112 ® Met, Ala113 ® Thr). Low-intensity pro®lin bands were detected in Olea and Mercurialis extracts which contained the sequence of peptide 5 (Asp109 ® Glu, Ala113 ® Thr).
mAb speci®city relative to human IgE: epitope mapping of mAb 10A4 and 5F2 mAb were examined for their ability to block IgE binding to sun¯ower pro®lin of ®ve serum samples from sun¯ower allergic patients with high levels of IgE anti-pro®lin. Results shown in Fig. 6 demonstrated that mAb 5F2 and 10A4 inhibited the binding of anti-pro®lin human IgE up to 52%. In contrast, mAb 3H8 seemed to enhance the binding of anti-pro®lin IgE of sera from allergic patients. An effect of synergy (67% inhibition) was observed when mAb (5F2 and 10A4) were used together for inhibition of IgE binding (data not shown).
Overlapping dodecapeptides of the N-terminal region of Hel a 2 were probed for binding to mAb 10A4. Only the two ®rst spots were positive, although a low positive signal (53% of the signal of spot 1) could be detected in spot 2, showing that the two ®rst residues are also important for binding (Fig. 7A) . mAb 10A4 reacted with peptides synthesized as 10mers, 9mers, 8mers and 7mers, but less ef®ciently with a 6mer peptide ( Fig. 7B) . Both experiments demonstrated that the epitope recognized by mAb 10A4 is MSWQAYV, although some binding could be detected with shorter peptides. mAb 5F2 recognized pro®lin from different pollen extracts. A single IgG-binding protein of 14±16 kDa was detected by 5F2 in sun¯ower extracts, but in other extracts, in addition of the monomeric pro®lin, some bands of higher molecular mass (30, 46 and 59 kDa) were detected (Fig. 8A ). Binding differences between mAb 5F2 and plant pro®lins were further investigated at the epitope level using peptides corresponding to sun¯ower (peptide 1), pellitory (peptide 2), birch (peptide 3), wheat (peptide 4), maize and Bermuda grass (peptide 8) pollen pro®lin (Fig. 8B) . All the sequences, with the exception of that corresponding to birch pro®lin (peptide 3, 62% binding), had similar binding (90±110%). Mutated peptides with an Ala substitution in each residue were probed for binding to mAb 5F2. Four residues were found to be important for IgG recognition: Phe41, Pro42, Lys45 and Glu48. All of them are voluminous or charged amino acids in which an Ala substitution completely avoided binding of mAb 5F2 (Fig. 8B) . A clear correlation was found between residue conservation on this epitope among sequenced plant pro®lins and percentage of binding to the mutated peptides. The four important residues mentioned above are conserved in all pro®lins, while mutations of other residues less conserved had no effect on IgG binding. 
Epitope mapping of mAb 3H8
The amino acids essential to IgG binding in epitope 3H8 were determined by synthesizing mutated peptides with Ala substitutions at each position or with changes derived from the variability of sequenced plant pro®lins. The sequence of the epitope 3H8 is highly conserved among sequenced plant pro®lins with the exception of those from C. dactylon and N. tabacum. The differences of mAb 3H8 binding to different plant pro®lins were further investigated at the epitope level using peptides corresponding to tree, grass and weed pro®lins. The microheterogeneity in this region was correlated with the binding properties of 3H8. An immunoblot strip containing the wild-type, mutated peptides and peptides derived from plant pro®lin sequences is shown in Fig. 9(B) . The mAb 3H8 did not either recognize the peptide or binding was drastically reduced when Ala was substituted for each of the amino acids at position 123±126, showing the importance of these residues in the binding of IgG. Changes of Leu124 for Ile did not affect binding, but substitution of Leu for similar but smaller amino acids, such as Ala, drastically reduced binding. Position 123 is very sensitive to amino acid changesÐsubstitution of Ala for a positively charged amino acid, such as Arg, blocked IgG binding to the peptide, but surprisingly changes of Arg123 for Lys, presented in C. dactylon and N. tabacum pro®lins, also affected drastically the binding both as synthesized peptide as well as completed protein (Fig. 9A) . The substitution of the apolar Ala for the polar Gly at position 126 seemed to be responsible for the lack of IgG binding to the mutated peptide.
Discussion
The interaction of sun¯ower pro®lin and speci®c mouse mAb was investigated. Pro®lin was chosen as a model for antigen± antibody interactions because pro®lins are potent allergens that elicit IgE antibody responses in 20% of the positive pollinic patients (7), which has led to their designation as panallergens (6), and they are structurally well-conserved eukaryotic proteins.
All the B epitopes of sun¯ower pro®lin found in this work are continuous or sequential epitopes, a term coined for peptide epitopes consisting of short sequence motifs (1). Although continuous epitopes have been reported for a number of allergens (29±33), the physiological role of continuous epitopes has been questioned (2). Murine IgG-binding sites analyzed in this work clustered at the N-and C-terminal a-helices and a two-stranded segment composed of residues 40±50. Similar results have been found for IgE-binding sites using a birch pro®lin epitope library probed with pro®lin-allergic patients' sera (34) . In contrast, recently data suggested that IgE binding of soybean pro®lin (which respectively share a 75 and 71% identity with birch and sun¯ower pro®lins) is mediated by conformational epitopes (35) . Experiments are now in progress to localize sun¯ower pro®lin IgE epitopes from allergic individuals sera using synthetic peptides bound to a membrane as reported herewith. Alternative methods, such as phage displayed peptide libraries, have been previously used, but only a mimotope whose sequence showed no homology with pro®lin sequences was found (36) . The results found in the present work may be highly valuable since the murine model has been proved both to correlate and be predictive of human response (32, 37) .
All but one of the murine B cell epitopes de®ned in this work are located on the surface of the pro®lin molecule in the ahelices (10A4 and 3H8) or in the turns (5F2 and 9G4) (Fig. 10A) . The hydrophobic core of epitope 9G4 is constituted by Tyr108, Val112 and Pro114. Any change in these positions prevents the peptide mimicking the folding which would occur in the natural pro®lin (Fig. 10B) . In contrast to these surface localized epitopes, epitope 9A7 is located in the pro®lin core and partially buried by the C-terminal. Only the¯anking residues of the epitope 9A7 (Gly100, Gln101 and Asp109) have limited accessibility. Whether this epitope is either fully (B) Effect of single amino acid changes to the 5F2 epitope peptides corresponding to sun¯ower, pellitory, birch, wheat, maize and Bermuda grass pollen pro®lins and mutated peptides synthesized with an Ala substituted for one of the amino acids in the peptide (mutated peptides from 6 to 13). IgG binding to mutated peptides was calculated by densitometry and represented as relative intensity (wild-type peptide was 100%). Vertical arrows indicate important residues involved in IgG recognition. Amino acids in bold represent residues changed from the Hel a 2 sequence. accessible in some conditions to generate an immune response in mice or this mAb was produced against a partially denatured form of pro®lin remains to be investigated. Although mAb were generated from puri®ed native pro®lin, the puri®-cation procedure included an elution step in 8 M urea (38) followed by renaturation during dialysis. Nevertheless, mAb 9A7 recognized sun¯ower pro®lin both as puri®ed protein and as in raw extract. Partially hidden epitopes which could become immunologically available after denaturation are named cryototopes or unfoldons (2) .
Epitopes of mAb 10A4 and 3H8 overlap with some of the binding sites for proline-rich peptides (Trp3, Tyr6, Tyr127 and Leu128) and actin (Gly115) previously described (39) , and one of them (mAb 10A4) inhibited allergic patients IgE binding (Fig. 10C ). These observations are consistent with the idea that B cell epitopes overlap ligand sites due to the fact that native pro®lin, dissociated from the pro®lin±actin complex, is the molecule responsible for sensitization and pro®lin (ligand free) is easily extracted from pollen by aqueous solution, a situation which mimics contact with mucosal surfaces (34) . None of the mAb epitopes described overlap with the plantspeci®c binding pocket located between Phe54 and Ile83 of Arabidopsis pro®lin structure, which was suggested as a major immunogen region of plant pro®lins (12) . The epitope of mAb 5F2 partially overlaps with the epitope of mAb 4A6 described as birch pro®lin speci®c (40) . In contrast to the later mAb, mAb 5F2 has a broad pro®le of pro®lin recognition and the three essential residues detected in this work are highly conserved among plant pro®lins. The high reactivity of mAb 5F2 with plant pro®lin has allowed us to use this mAb in a pro®lin-speci®c ELISA quanti®cation assay (41) .
In conclusion, we present a simple method for exact mapping of B cell epitopes and investigating essential residues involved in antibody binding, using peptides synthesized on a cellulose membrane, and its application to the analysis of pro®lin epitopes de®ned by mAb. Two mAb found in this work blocked IgE binding to pro®lin to different extents depending of the patient studied. The epitope of one of them, 5F2, is highly conserved among pro®lins, and could be involved in the clinical and serological cross-reactivity between pollen and plant foods.
